Purpose: Array comparative genomic hybridization is rapidly becoming an integral part of cytogenetic diagnostics. We report the design, validation, and clinical utility of an oligonucleotide array which combines genome-wide coverage with targeted enhancement at known clinically relevant regions. Methods: Probes were placed every 75 kb across the entire euchromatic genome to establish a chromosomal "backbone" with a resolution of ϳ500 kb, which is increased to ϳ50 kb in targeted regions. Results: For validation, 30 samples showed 100% concordance with previous G-banding and/or fluorescence in situ hybridization results. Prospective array analysis of 211 clinical samples identified 33 (15.6%) cases with clinically significant abnormalities. Of these, 23 (10.9%) were detected by the "targeted" coverage and 10 (4.7%) by the genome-wide coverage (average size of 3.7 Mb). All abnormalities were verified by fluorescence in situ hybridization, using commercially available or homebrew probes using the 32K bacterial artificial chromosome set. Four 
The G-banded karyotype was the first genome-wide analysis tool and has been the "Gold Standard" for detection of aneuploidy and segmental aneuploidy for both syndromic and idiopathic mental retardation (MR) since its introduction in the early 1970s. The standard G-banded karytoype at a 550 band resolution 1 has generally been thought to accurately detect deletions and duplications of Ն5 Mb with a yield of 5-10% abnormalities, depending on ascertainment criteria. 2, 3 The introduction of high-resolution chromosome analysis 4 made it possible to discover new "microdeletion syndromes" caused by smaller deletions (3) (4) (5) . Although some laboratories implemented high-resolution techniques for genome-wide analysis in idiopathic MR, its primary application has been in "focused" or targeted analysis of specific chromosomal regions suspected due to clinical features consistent with a specific microdeletion syndrome. Further development of high-resolution chromosome banding demonstrated the potential for a 2000 band resolution 5 ; however, this method has not been practical in a diagnostic laboratory setting.
Targeted application of high-resolution banding for microdeletion syndromes was replaced in the early 1990s with the advent of locus-specific fluorescence in situ hybridization (FISH) analysis using large genomic clones (cosmids or BACs), e.g., for Miller-Dieker syndrome 6 (MDLS [MIM 247200]) (OMIM, http://www.ncbi.nlm.nih.gov/sites/entrez?db ϭ OMIM), Prader-Willi/Angelman syndromes 7 (PWS/AS [MIM 176270/ 105830]) and 22q11 deletion syndrome 8 
(DGS [MIM 188400])
. The development of a complete set of unique FISH clones near the junction of subtelomeric sequences of each chromosome arm 9,10 allowed a targeted analysis of all human telomeres to identify cryptic deletions, duplications, and unbalanced translocations. Application of these probes in patients with idiopathic MR and normal G-banded karyotypes identifies an additional 3-6% of abnormalities, 10 -12 and "telomere FISH" quickly became a standard-of-care test following, or in conjunction with, G-banded chromosome analysis. 2, 3 Comparative genomic hybridization (CGH) on metaphase chromosomes was initially introduced as a genome-wide method to detect copy number gains and losses of Ն10 Mb in solid tumors. 13 At this low resolution, CGH was not useful for research or clinical application in pediatric or prenatal cytogenetic investigations where G-banding analysis provided better resolution. However, the change in the hybridization target for CGH from normal metaphase chromosomes to DNA from genomic clones allowed the detection of single copy changes (deletion or duplication) at the level of individual BAC clones (ϳ100 kb). 14, 15 Targeted BAC arrays, comprised of several hundred to a thousand or more clones representing human telomeres and microdeletion/microduplication syndromes, have proven to be a reliable and sensitive method for identifying genomic imbalances in idiopathic MR as an adjunct to conventional Gbanded karyotype, with a yield of approximately 5-10%. 16 -18 An obvious drawback to such targeted arrays are the large gaps in genome coverage which, by design, will not detect largescale imbalances (ϳ5 Mb or more) for the many genomic regions that do not include targeted clinically relevant loci.
One approach to genome-wide coverage has been to place BAC clones every 1 Mb throughout the genome, 19, 20 and some clinical cytogenetics laboratories have used this genome-wide array strategy in combination with a targeted BAC array to capitalize on the advantages of these two approaches. Such a 1 Mb array is approximately equivalent to a 3000 band karyotype, although the reliability and clinical significance of a single BAC clone gain or loss are uncertain without further confirmation and follow-up using other methods.
Development and application of high-resolution BAC arrays containing over 32,000 tiling-path (overlapping) BAC clones have been reported by several groups [21] [22] [23] and applied in cancer and in children with unexplained MR. Although these tiling path BAC arrays have a potential resolution of ϳ50 kb, 24 one group 23 used a threshold of at least three adjacent clones (ϳ300 -400 kb) to indicate potential clinical significance. These authors argue that the benefit of detecting an additional ϳ5% of clinically significant abnormalities by such a whole genome approach outweighs the additional work and potential anxiety of identifying a small percentage of benign copy number variations (CNVs), 25, 26 which are very common in the human genome. [27] [28] [29] [30] [31] [32] [33] [34] An alternative to genomic or polymerase chain reactionamplified DNA from large-insert clones has been the use of synthetic oligonucleotides of 25-85 mer length for genomewide copy number assessment. Recent reviews of the various platforms available and their performance characteristics are available. 35, 36 Several manufacturers have developed genomewide array comparative genomic hybridization (aCGH) microarrays containing ϳ40,000 -400,000 probes covering the human genome. 37, 38 This technology has been used in the detection of chromosomal imbalances associated with MR or autism. 39, 40 However, these commercial arrays were not designed specifically for clinical cytogenetics applications, and therefore may not have adequate density and coverage for clinically relevant regions, such as telomeres, centromeres and microdeletion or microduplication syndromes. 41, 42 To overcome this deficiency, it is possible to design custom microarrays to enhance the coverage at clinically relevant regions. Recently, Toruner et al. 41 modified a commercial microarray by removing onethird of the oligonucleotides in the backbone regions and adding enriched probe coverage for the telomere regions.
Genome-wide aCGH can thus be accomplished with highresolution BAC or oligonucleotide probe coverage, and either will likely identify an additional 3-5% of clinically significant genomic imbalances as compared with a targeted array approach. However, concerns have been expressed regarding the readiness for clinical application because of the potentially high rate of copy number variants of unknown clinical significance. 43, 44 It would be ideal if one could increase the total yield of clinically significant imbalances but minimize the frequency of follow-up studies to determine the clinical significance of imbalances in regions of the genome. One approach to this optimization strategy is to use a size threshold as an initial screen to differentiate those genomic copy number differences most likely to have clinical significance from those most likely to be benign variants. This single criterion is obviously not absolute, but can be combined with additional information including family studies (to differentiate de novo from inherited events), gene content, and data from the CNV databases and published literature to allow a strong clinical prediction in most cases.
Here, we describe an oligonucleotide-based aCGH design which combines the strengths of a targeted array containing clinically relevant loci with the enhanced detection potential of a genome-wide array. The validation and initial prospective application of this array are presented and demonstrate that the use of such a "molecular karyotype," equivalent to a 6000 band karyotype, significantly enhances the detection of clinically significant deletions and duplications not detected by Gbanding or current targeted array designs.
MATERIALS AND METHODS

Patient samples
A protocol approved by the Institutional Review Board at Emory University was followed for this study and informed consent was obtained as required by the institutional review board. A retrospective analysis of 30 patient samples was performed for validation (Supplementary Table 1 ). An initial validation study was performed on 10 patients with known chromosomal abnormalities. Subsequently, a blinded analysis of 20 patients was performed, including individuals with normal karyotypes and various chromosome abnormalities previously identified by G-banding, locus-specific FISH and/or subtelomeric FISH.
Following this validation, prospective studies were performed on clinical samples referred for various indications including unexplained developmental delay, MR, dysmorphic features, congenital anomalies, autism or clinical features suggestive of a chromosomal syndrome.
DNA was isolated from peripheral blood samples collected in ethylenediaminetetraacetate tubes using a commercially available DNA extraction kit (Puregene blood kit, QIAGEN Inc., Valencia, CA). The manufacturer's recommended proto-col was followed without modification. For array confirmation studies (FISH or G-banding), peripheral blood cultures were established and harvested after 72-hours following a routine cytogenetic protocol.
Array design
To develop a high-resolution molecular karyotype, we designed an oligonucleotide microarray that combines targeted with genome-wide coverage (Fig. 1 ). This array contains 43,102 oligonucleotide probes in a 4 ϫ 44K format (Agilent Technologies, Santa Clara, CA). Using the eArray v4.0 tool (Agilent), we selected 42,869 probes specific for the human genome (UCSC hg17 May 2004; NCBI Build 35) to create both targeted and genome-wide coverage on the array. Probes were selected by searching genomic intervals using eArray's High Density Comparative Genomic Hybridization search tool, with a preference for probes that were located in unique sequences (avoiding segmental duplications) and were validated by the manufacturer.
Using eArray, an oligonucleotide backbone was established across the euchromatic regions of the genome, including 41,023 probes spaced on average every 75 kb. Using a sliding window of 4 -5 oligonucleotides, this backbone coverage provides a resolution of ϳ300 kb. However, as discussed below (see Clinical Interpretation section), a threshold of 500 kb was used to minimize the detection of benign copy number variants and to enrich for clinically significant imbalances. This 500 kb resolution equates to a 6000 band karyotype capability (based on ϳ3000 Mb of DNA in the human genome).
Both pseudoautosomal regions (PAR1 and PAR2) were covered with a total of 233 oligonucleotides. Probes were selected to include coverage for the known genes in these regions; the remaining oligonucleotides were evenly distributed among PAR1 (chrX:1-2,702,389) and PAR2 (chrX:154,472,117-154,900,000) (NCBI Build 35).
For targeted coverage, 1846 probes were selected using eArray to create additional high density coverage of oligonucleotides in the known clinically relevant regions including the telomeres, centromeres, common microdeletion/microduplication syndromes and selected Mendelian disorders (Supplementary Table 2 ). The oligonucleotides selected to cover these targeted regions were overlaid onto the backbone coverage to create an array with targeted and genome-wide coverage. Any overlapping probes were removed and replaced with neighboring oligonucleotides to enhance the coverage in the region.
To enhance the coverage of the telomere regions, we used our previous physical mapping data, and bioinformatics resources, to identify a BAC clone that defined the transition from the subtelomeric repeats to the unique DNA of each chromosome arm. 9, 10, 42, 45 Briefly, clones were selected based on physical maps 46 and publicly available resources, such as the UCSC Genome Browser (http://genome.ucsc.edu), 47, 48 the Whitehead Institute STS/radiation hybrid maps (http://wwwgenome.wi.mit.edu/cgi-bin/contig/phys_map), and the NCBI Map Viewer (http://www.ncbi.nlm.nih.gov). FISH mapping was used to determine the junction between the subtelomeric repeats and unique DNA. Clones located in the subtelomeric repeats display cross-hybridization and, therefore, were avoided in the design of the custom array. The most distal clones that showed no cross-hybridization were selected as the unique telomere clone. Using the location of these 41 unique telomere clones, a minimum of 10 oligonucleotides was used to represent each clone so that small imbalances could be detected.
To enhance the coverage of the centromere regions, we identified the BAC clones that defined the transition from the pericentromeric repeats to the unique DNA for each chromosome arm. 49 Briefly, fully sequenced clones that contained Ͻ10% duplicated sequence using the segmental duplication track 50 were initially chosen from NCBI Build 33 using the UCSC genome browser database, whereas subsequent clones were chosen based on the most current NCBI builds. 47, 48, 51 FISH mapping was performed to identify the most proximal clone to each pericentromeric repeat-unique DNA junction for each chromosome arm. Clones located within the pericentromeric repeats display cross-hybridization, and these regions were avoided in the design of the array. The most proximal clone for each centromere arm was confirmed by FISH to map uniquely and to the correct position. Using the location of these 43 unique centromere FISH clones, a minimum of 10 oligonucleotides for each clone was added to the array.
For each specific clinical region of interest, including the known microdeletion/microduplication syndromes and selected Mendelian disorders (Supplementary Table 2 ), an average of 10 oligonucleotides was added to the backbone coverage. To maximize the number of oligonucleotides, probes were selected using both the genomic interval and gene annotation options in eArray. If the probes were located within a segmental duplication, adjacent oligonucleotides were chosen to avoid these duplicated or repetitive regions.
Array CGH
aCGH was performed following the manufacturer's protocol (Agilent Technologies). As an internal hybridization control for each experiment, patient samples were matched with a pooled normal control DNA sample of the opposite sex (Promega Corporation, Madison, WI). Genomic DNA (0.5-1.5 g) was digested with AluI and RsaI (Promega Corporation, Madison, WI) for 2 hours. The DNA was labeled for 2 hours using random primers, Cy-3 and Cy-5-dUTP dyes and ExoKlenow fragment (Agilent Technologies). Patient DNA (labeled with Cy-3) was combined with normal control DNA (labeled with Cy-5) and hybridized to the array in the presence of Cot-1 DNA (Invitrogen Corporation, Carlsbad, CA). After a 24-hour hybridization at 65°C, the slides were washed using the "Wash Procedure B with Stabilization and Drying Solution" protocol and scanned using a GenePix Autoloader 4200AL or GenePix 4000B (Molecular Devices, Sunnyvale, CA).
Data analysis
Two different software packages were used for data analysis. BlueFuse software (BlueGnome Ltd., Cambridge, UK) was initially used during our array validation studies. A second software package, Feature Extraction 9.5.11 and CGH Analytics 3.4.40 (Agilent Technologies), was later used to re-evaluate the validation study data and for prospective analyses. In a comparison of the array results from BlueFuse and CGH Analytics, no discrepancies were observed in the ability to detect chromosomal imbalances using the settings described.
For BlueFuse, normalization of the data were performed using Block Lowess, which corrects for intensity-related variation within images. Regions of copy number alterations were detected using set thresholds for the channel ratios based on three standard deviations from the median of all autosomes. The thresholds for the log 2 ratios were set at Ϫ0.32 for losses and 0.26 for gains. Channel 1 (Ch1) represented the patient sample and channel 2 (Ch2) represented the normal control DNA.
The software was set to flag a potential abnormality when the minimum number of contiguous probes showing loss or gain of intensity was 4 -5 oligonucleotides. With a backbone coverage of probes spaced every 75 kb, this setting allows the detection of abnormalities of ϳ300 kb. For the targeted regions, the minimum of five oligonucleotides allows for the detection of ϳ50 kb imbalances. The size of the imbalance (as indicated in Tables 1 and 2 ) includes the most distal and most proximal oligonucleotides that are contained within the loss/gain.
For data analysis using Feature Extraction 9.5.11 and CGH Analytics 3.4.40, the ADM-1 statistical algorithm in CGH Analytics was used with a sensitivity threshold of 6.7. In order for CGH Analytics to call an abnormality, the minimum number of probes included in a region of deletion or amplification was set at four oligonucleotides. The thresholds for the log 2 ratios were set at Ϫ0.32 for losses and 0.26 for gains.
Gene content
The UCSC genome browser (May 2004) was used to assess the genomic architecture of the abnormal region (Segmental Duplications track) 50 and to assess the number of known genes (UCSC Known genes track) contained within the imbalance. 52, 53 The "Segmental Dups" track displays regions of DNA that are Ͼ1 kb with at least 90% sequence homology with another region. The genes were displayed in four colors to represent the level of supporting data: Black, entry in the Protein Databank (PDB); Dark Blue, either a corresponding RefSeq mRNA that is "Reviewed" or "Validated" or a corresponding Swiss-Prot protein; Medium Blue, corresponding RefSeq mRNA that is not "Reviewed" nor "Validated"; Light Blue, no corresponding PDB entry, RefSeq mRNA, or Swiss-Prot protein. For this study, the number of known genes included the genes that have an entry in the PDB (Black) or a validated RefSeq mRNA or Swiss-Prot protein entry (Dark Blue).
FISH confirmation studies
If a chromosomal abnormality was detected by aCGH, follow-up confirmation studies were performed. The majority of abnormalities were confirmed by FISH studies (a few cases were confirmed by G-banding when array and G-banding analyses were completed simultaneously). For abnormalities detected in the telomeres or the common microdeletion/microduplication regions, commercially available FISH probes (Abbott Molecular Inc., Des Plaines, IL) were used.
For all other regions in which a commercial probe was not available, homebrew FISH probes were custom designed specific to the region in which the imbalance was detected. Clones were selected from the "Human genome high-resolution BAC rearrayed clone set; 32K set," which was originally developed and described by Krzywinski et al. 22 and is available from the BACPAC Resource Center (Children's Hospital Oakland Research Institute, Oakland, CA). This clone set consists of BAC clones that were ordered into tiling path coverage of the human genome based on restriction digest fingerprinting.
The complete clone set is maintained locally to provide immediate access as needed. The coordinates of the oligonucleotides that show either a gain or a loss on the array are matched to a corresponding BAC clone from the 32K set. Clone DNA is labeled using a random priming reaction. Briefly, clone DNA and random primers (Invitrogen Corporation) were denatured for 7 minutes. On ice, dNTPs, fluorescently-labeled nucleotides [Spectrum Orange-dUTP, Spectrum Green-dUTP] (Abbott Molecular Inc., Des Plaines, IL), and Klenow (Invitrogen Corporation) were incorporated and incubated at 37°C for 2 hours. Probes were precipitated and subsequently used in standard FISH assays. 45, 54 All probes were tested on normal controls in addition to the patient samples.
Evaluation of common CNVs
We analyzed the size distribution of CNVs contained in the Database of Genomic Variants (http://projects.tcag.ca/variation) 27 as of October 2006 by downloading all CNV data into Excel spreadsheets and sorting by size in 100 kb bins. Approximately 50% of all CNVs are smaller than 100 kb, and ϳ95% are Ͻ500 kb. In addition, a recent large study using a 500K SNP array, reported a median CNV size of 81 kb. 32 Given these data, we chose to use a threshold of 500 kb for the detection size of an imbalance located outside of the known clinically relevant regions to enrich for clinically significant imbalances and decrease the number of benign CNVs detected. 
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Clinical interpretation
After array data review and confirmation of abnormalities by FISH or G-banding, the clinical significance of each imbalance was determined using criteria similar to that of routine G-banded cytogenetic analysis. A similar approach was also outlined in recently published guidelines for clinical molecular karyotyping studies. 55 Imbalances involving a known clinically relevant microdeletion/duplication region were considered abnormal and parental samples were requested only to rule out that one of the parents carried a balanced form of the rearrangement (with the exception of cases where one of the parents also showed an abnormal phenotype [e.g., 22q11 deletion]).
Imbalances that involved large (Ͼ2-3 Mb) genomic segments from the chromosomal backbone coverage, were considered to be likely pathogenic if they did not overlap a confirmed CNV region and contained multiple known genes. For these cases, parental analysis was recommended to rule out the possibility that one of the parents carried a balanced form of the rearrangement.
Imbalances that were Ͻ2 Mb in size were first evaluated to determine whether they overlapped a known CNV region. Imbalances were characterized as known CNVs if the loss or gain was included in one of the normal structural variation databases (Database of Genomic Variants 27 and the UCSC genome browser 47, 48 ) as a copy number variant region with a population frequency of Ն1% observed in multiple studies. Parental samples were not requested for these cases, because these are confirmed, common structural variations.
If an imbalance was Ͻ2 Mb in size and was in a unique genomic region, parental samples were requested to determine whether the imbalance was an inherited or a de novo event and the gene content was examined to determine the potential clinical significance of the finding.
RESULTS
Validation studies
We developed an oligonucleotide array that combines targeted with genome-wide coverage to produce a 6000 band "molecular karyotype" (Fig. 1) . For the initial validation of this array, we tested 10 patients with known chromosomal abnormalities. The abnormalities included two supernumerary marker chromosomes, five telomere deletions, two unbalanced translocations, and a microdeletion involving 15q11-13 (Supplementary Table 1 , Cases 1-10). For all 10 cases, the array accurately detected the known chromosomal abnormality. In addition to elucidating the precise size of the imbalance, the array results also revealed additional complex rearrangements in two cases (Cases 3 and 5, data not shown).
Interestingly, one case (Case 6) had a 1 Mb deletion of the 4q telomere region that was originally detected by telomere FISH analysis. This case had previously been analyzed using a genome-wide off-the-shelf commercial oligonucleotide array which failed to detect the imbalance because of poor genomic coverage at this telomere region. 42 Using the custom designed array, with enhanced coverage of the telomere regions, this 1 Mb deletion was accurately detected.
For further validation, a blinded analysis was performed on 20 samples, including both abnormal and normal cytogenetic findings (Supplementary Table 1 , Cases 11-30). The chromosomal abnormalities included two cases with 22q11 deletion, one case with 15q11-q13 deletion, two duplications (involving 10q26 and 17p11.2), three subtelomeric deletions (9qter, 12qter, and 21qter), two cytogenetically visible unbalanced translocations [der (6) t (6;10) (q25.3;q24.33) and der (18) t (15;18) (q11.2;p11.2)], one patient with trisomy 21, one patient with trisomy 21 and XXY, one patient with a subtelomeric deletion (1pter) and XXY, and one patient with XYY. For all 14 abnormal cases, the known chromosomal imbalance was accurately detected. The remaining six samples displayed normal aCGH results, which matched the normal results from previous G-banding and/or FISH analyses.
Overall, the aCGH validation results for all 30 samples, including the 10 initial cases and the 20 cases in the blinded analysis, were consistent with previous FISH and/or karyotype findings, demonstrating 100% concordance for the detection of copy number imbalances.
Prospective application of the targeted plus genome-wide array
Following validation of the array, we prospectively analyzed 211 samples submitted for clinical testing. Abnormalities of clinical significance were detected in 33 samples (15.6%) (Tables 1 and 2), whereas 169 samples showed normal results by aCGH (80.1%). Four (1.9%) cases had previously reported imbalances of uncertain clinical significance. Five (2.4%) cases required parental studies for interpretation, all of which were subsequently interpreted as benign familial variants. Each of these three categories of imbalance is presented in more detail in the following sections.
Clinically significant imbalances detected by targeted coverage
Of the 33 abnormal samples, 23 (10.9% of all cases) were identified by the targeted coverage of the custom array (Table 1 and Fig. 2 ). All imbalances were confirmed by FISH with commercially available probes. The most frequent class of imbalance involved the telomere regions, as 10 cases (4.7%) were detected by the targeted coverage of the telomere regions. The telomeric losses and gains ranged in size from 1.1 to 30 Mb. This large variation in size demonstrates the added benefit of including genome-wide coverage on the array, because the size of the imbalance can be accurately determined in a single assay without a preset limitation on coverage at the telomere regions.
An example of an unbalanced translocation involving two telomere regions is shown in Figure 2 , A. The patient (Case 3416) presented with thrombocytopenia and multiple congenital anomalies. Microarray analysis revealed a loss of the 11q telomere region (involving bands q24.1 to qter) and a gain of the 12q telomere region (involving bands q24.23 to qter). The deletion of chromosome 11q was ϳ10.8 Mb in size and the duplication of chromosome 12q was ϳ15.3 Mb in size. Dele-tions of distal 11q cause Jacobsen syndrome (JBS [MIM 147791]), which includes thrombocytopenia as one of the cardinal phenotypic features. FISH analysis using probes for the 11q and 12q telomere regions demonstrated that these imbalances were the result of an unbalanced translocation [der (11) t (11;12) (q24.1;q24.23)] (data not shown). Although the monosomic and trisomic regions in this case were quite large, the net change in size of this rearrangement was ϳ4.5 Mb (which is at or below the resolution of routine G-banding analysis) and demonstrates how imbalances such as these can be easily missed by G-banding even though the individual segments involved in the translocation are quite large.
In addition to the telomeric imbalances, 14 abnormalities were detected with the targeted coverage of the other clinically relevant loci including the microdeletion/duplication syndromes and the Mendelian disorder regions (note that Case 3360 had two abnormalities: one at the 11q telomere region and one in the 22q11. (Fig. 2, B) . In addition to detecting the deletion, array analysis provided immediate breakpoint (BP) localization: the BPs in this case were shown to be at BP2 and BP3 of the PWS/AS region, consistent with a Class II deletion. 56, 57 An atypical case involving the PWS/AS region was also identified (Case 3595). The proband presented with developmental delay, hypotonia and other features suggestive of AS. However, previous testing for AS by methylation analysis and sequencing of UBE3A were normal. By aCGH, an intragenic ϳ45 kb deletion of the UBE3A gene was identified (Fig. 2, C) , which was confirmed by quantitative polymerase chain reaction in another clinical laboratory (University of Chicago Genetics Laboratory, data not shown). The deletion was subsequently shown to be inherited from the phenotypically normal mother by array analysis (data not shown). Given the mother's normal phenotype, her deletion most likely arose on a paternally inherited chromosome 15. Because of the small size of this deletion, it would likely be missed by most BAC arrays.
Examples of two additional imbalances detected by the targeted coverage of the array are shown in Figure 2 . Case 3745 was referred due to developmental delay and failure to thrive and previous sequencing of the UBE3A gene was normal. Array analysis revealed a gain of the short arm of chromosome 17 involving band p11.2 (Fig. 2, D) . The duplicated region is ϳ2.1 Mb in size, including ϳ25 known genes, and is within the critical region for the Duplication 17p11.2 syndrome 58 (PTLS [MIM 610883]). The duplication in this individual is smaller than the common 3.7 Mb duplication, which is the reciprocal duplication of the Smith-Magenis syndrome (SMS [MIM 182290]) deletion, but it includes the critical region.
Another example of a duplication detected by the targeted coverage is Case 2911, a female infant referred due to a congenital craniofacial anomaly. Microarray analysis identified a 400 kb duplication on the long arm of the X chromosome at band q28 (Fig. 2, E) . This genomic region contains ϳ12 known genes, one of which is the MECP2 gene [MIM 300005]. Duplications of MECP2 in men cause infantile hypotonia, recurrent respiratory infections and severe MR. 59 In women, duplications of MECP2 are usually associated with a normal phenotype. However, a similar phenotype as that observed in men can be observed if the X-inactivation status of the two X chromosomes is skewed. Because this female is only an infant, she is too young to assess the relationship between this duplication 
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June 2008 ⅐ Vol. 10 ⅐ No. 6 and her developmental status and the finding will be considered in the context of her clinical presentation during her development. However, this duplication does affect a clinically significant region and this female will be at risk for having affected male offspring.
Clinically significant imbalances detected by genome-wide coverage
Ten clinically significant abnormalities, including eight deletions and two duplications, were identified by the genomewide backbone coverage of the array (Table 2 ). These cases constitute 30.3% of all abnormalities (10 of 33) and 4.7% of the entire patient cohort (10 of 211). All abnormal results were confirmed with custom-designed homebrew FISH probes using clones from the 32K BAC set. The size of the deletions ranged from 0.6 to 6.8 Mb, and the duplication sizes were 0.7 and 8.1 Mb. Examples of these cases are shown in Figure 3 .
The largest interstitial deletion detected using the oligonucleotide array involved the long arm of chromosome 14 at bands q23.1 to q23.3 (Case 3882, Fig. 3, A) . The patient was referred due to developmental delay, dysmorphic features, cleft lip and palate, and spherocytosis. Previous G-banding analysis was normal. The deleted region identified by array analysis was ϳ6.8 Mb in size and included approximately 33 known genes. One of the genes in this region, SPTB (Spectrin beta chain, erythrocyte), causes autosomal dominant Spherocytosis Type I (SPH1 [MIM 182870]), consistent with the spherocytosis observed in the patient. On retrospective review of the G-banded chromosomes and with knowledge of the specific imbalance, no obvious abnormality of 14q was appreciated, demonstrating that even pure, relatively large deletions of genomic material can be difficult to identify by routine chromosome analysis.
Three additional interstitial deletions of ϳ5 Mb in size were detected. In Case 3841, microarray analysis demonstrated a deletion of the long arm of chromosome 2 involving band q31.1 (data not shown). The size of the deletion was determined to be ϳ4.8 Mb and included approximately 28 known genes. In Case 3484, results revealed an interstitial deletion of the long arm of chromosome 12 involving bands q21.2-q21.31 (Fig. 3, B) . The deletion encompassed ϳ4.7 Mb and included ϳ12 known genes. This deletion was shown to be maternally inherited, but the mother was not phenotypically normal and shared similar abnormal clinical features with the proband. In Case 3715, aCGH results showed a deletion of the long arm of chromosome 15 involving bands q21.3 to q22.2. The deleted region was ϳ4.5 Mb in size (Fig. 3, C) and included approximately 30 known genes.
Of the clinically significant abnormalities, four cases were identified that were smaller than 5 Mb in size. Case 2818 was referred for developmental delay, failure to thrive, dysmorphic features, and a polycystic kidney. Array analysis revealed an interstitial loss of ϳ2.7 Mb on the short arm of chromosome 2 involving bands p15-p16.1 (Fig. 3, D) , which was determined to be an interstitial deletion by confirmatory FISH analysis. The deleted region contains approximately nine known genes.
A literature review revealed a previous report of two individuals with larger, overlapping deletions involving 2p15-16.1 which exhibited many of the same features as that observed in our patient, including developmental delay, similar dysmorphic features (as compared with the published pictures of the patients) and a multicystic kidney. 60 Case 4154 was referred for developmental delay and expressive language disorder. Microarray results revealed a deletion of the long arm of chromosome 15 involving bands q13.2-q13.3 (data not shown). The deleted region is ϳ2.2 Mb and includes ϳ6 known genes. Another small deletion was identified in a patient (Case 4153) who had bilateral strabismus and club feet at birth and infantile spasms which dissipated around age 5. She is now 23 years old and nonverbal with mild dys- morphic features, seizures, aggressive behavior, and autistic disorder. Microarray analysis showed a deletion of the long arm of chromosome 9 involving bands q33.3-q34.11 (Fig. 3,  E) . The deleted region is ϳ1.7 Mb and includes approximately 10 known genes.
The smallest deletion detected by the genome-wide backbone coverage was identified in Case 3963. The individual was referred for MR, obesity, and behavior problems. The array results identified a deletion of the short arm of chromosome 16 involving band p11.2 (data not shown). The deleted region is ϳ598 kb, includes approximately 24 known genes. This genomic imbalance overlaps a previously reported microdeletion that was initially observed in a single family. 61 Features reported in this family include aortic valve abnormalities, seizures and mild MR. The only known overlapping feature present in our patient is MR; she has no overt clinical evidence of a cardiac abnormality or seizure disorder, however an electroencephalogram and echocardiogram are currently pending. More recently, two reports have demonstrated that this microdeletion is a potentially frequent imbalance associated with a high risk of autism. 62, 63 Two interstitial duplications were also detected by the genome-wide coverage of the array. In Case 2026, a gain involving the long arm of chromosome 2 was detected (data not shown). The size of the gain of 2q was determined to be ϳ8.1 Mb in size and included approximately 29 known genes. Subsequent FISH analysis confirmed the gain as an interstitial duplication. Previous G-banding analysis, performed in another laboratory, was reported as normal at the 750 band level and even in a retrospective analysis of G-banded chromosomes, the duplication was not easily appreciated.
Array analysis also revealed a small interstitial gain of the short arm of chromosome 16 involving band p13.3 in Case 3596 (Fig. 3, F) . The gain of 16p was estimated to be ϳ0.7 Mb in size and included part of the A2BP1/FOX1 gene [MIM 605104] . FISH analysis confirmed the gain as an interstitial duplication. Disruptions of the A2BP1/FOX1 gene have previously been reported. A patient with autism, epilepsy, and global developmental delay was shown to have a partial deletion of this gene. 64 In addition, two unrelated patients with MR and epilepsy had translocation BPs that disrupted the A2BP1/FOX1 gene. 65 The referring diagnosis for Case 3596 included microcephaly and features of Dandy Walker syndrome (DWS [MIM 220200]). Because the duplication present in this individual also involves the A2BP1/FOX1 gene, it was predicted to be related to the abnormal clinical phenotype in this individual.
Common CNVs, benign familial variants and variants of uncertain clinical significance
Using a detection threshold of 500 kb, we identified 13 known CNVs that were Ͼ500 kb in size ( Table 3 ). All of these are confirmed, common CNVs in the Database of Genomic Variants 27 that were present in at least 1% of the populations reported. As expected from our knowledge of the complex genomic architecture of the pericentromeric and subtelomeric regions, ϳ46% of these large CNVs were located in these regions, many of which contained extensive segmental duplications. 50 Five CNVs were located in the pericentromeric regions, including 1q21.1, 2p11.2, 7q11.1, 10q11.22, and 15q11.2. One CNV was located in the 14q telomere region involving the IGH gene family. The remaining seven CNVs were located at interstitial regions (1p36.21, 4q13.2, 5q13.2,  8p23.1, 17q21.31, 19q13.2 , and Xp22.31) which also were mainly comprised of segmental duplications representing high levels of shared sequence homologies with other regions of the genome. Of the 211 prospective cases, these 13 CNVs were detected in 42 cases (19.9%). A single CNV Ͼ500 kb in size was identified in 39 patients, two CNVs were detected in only two patients, and three CNVs were detected in only one patient.
Four (1.9%) cases were identified with previously published imbalances whose clinical significance remains uncertain (Table 3). Two of these cases involved the same genomic region, 16p13.11; a deletion (Case 3402) and a duplication (Case 3778) of this region were detected. At this time, the clinical significance of these findings is uncertain. Parental samples have been analyzed for the 16p13.11 deletion case and demonstrated that the deletion was paternally inherited. Imbalances of this region have been the topic of a recent publication that provides evidence for recurrent deletions and duplications of 16p13.11. 66 Deletions of this region were observed in individuals with MR, whereas duplications were observed in individuals with autism. However, it is important to note that both deletions and duplications of this region were also seen in some normal individuals in these families, but not in 600 normal control individuals examined.
The third case with an imbalance of uncertain clinical significance involves a duplication of the 1q21.1 region (3486). Recurrent deletions and duplications of this region have also been previously reported. 23, 32, 67, 68 Deletions of this region were observed in individuals with congenital cardiac defects, whereas duplications were observed in individuals with idiopathic MR or autism spectrum disorders. The deletions and duplications were observed in some normal parents, suggesting incomplete penetrance; however some carrier parents were found to have some subtle phenotypic abnormalities. Therefore, further studies of this region in normal control populations are needed to determine whether these imbalances are related to any specific phenotype or are coincidental findings.
The fourth imbalance, which involves16p11.2, contained 24 genes, but was a duplication, rather than a deletion. Duplications of this region have recently been reported, however at this time, their clinical significance is not clear. 63 Only five cases (2.4%), not represented in the CNV database, required the analysis of parental samples before a clinical interpretation was possible. All five cases were shown to be inherited from a normal parent, and were therefore interpreted as most likely representing benign variants (Table 3) . Four of these imbalances were duplications, whereas one was a deletion. Two duplications were located in targeted telomeric regions and were larger than our 50 kb threshold for these regions (120 and 330 kb) . The other three imbalances were Targeted plus whole genome oligonucleotide microarray detected by genome-wide coverage and were slightly larger than our 500 kb threshold (640 -713 kb) and contain only a small number of genes (Ͻ3 genes per case).
DISCUSSION
In a series of 211 patients with unexplained MR/developmental delay, many of whom had previous cytogenetics studies showing a normal G-banded karyotype, clinically significant genomic imbalances were identified in 15.6% of cases. This frequency is consistent with other reports from genome-wide BAC-based aCGH 23,69 -71 and is higher than the typical yield from targeted arrays. 17, 18, 72 Our results provide evidence that oligonucleotide-based aCGH is a reliable technology platform in a clinical diagnostic setting for the accurate detection of single-copy gains and losses of genomic material, as previously suggested by several studies. 39, 40, 73 Although intensity ratios of individual oligonucleotide probes are not a reliable indicator of copy number, identification of a series of contiguous probes (4 -5) showing significant gain or loss has a very high predictive value. From our previous experience with BAC arrays, 74, 75 and current published literature, it seems that aCGH using long oligonucleotides (ϳ60 -85mers) has performance characteristics comparable with BAC arrays. However, although tiling-path BAC arrays have a theoretical resolution of ϳ50 kb, 24 these arrays with genome-wide coverage (Ͼ30,000 clones) are not trivial to produce. In contrast, genome-wide oligonucleotide arrays with hundreds of thousands of probes can be efficiently produced and can easily reach a resolution of 50 kb or less.
In this study, all aCGH results were confirmed by FISH analysis using commercially available or "homebrew" probes from the 32K tiling-path BAC set. In our experience, and as suggested by published guidelines, FISH analysis is the preferred method for aCGH confirmation studies. 3, 55 In addition to validating the array result, FISH has the added advantage of demonstrating the mechanism for the imbalance. For example, a gain of genomic material detected by aCGH could be the result of a duplication or an unbalanced structural chromosome rearrangement, which would only be observed by analysis of metaphase chromosomes. FISH analysis is also the most cost effective and comprehensive method for parental follow-up studies, where other quantitative molecular methods would give a normal result when a balanced rearrangement (e.g., reciprocal or insertional translocation) is actually present in one of the parents. Identification of such balanced carriers has obvious implications for recurrence risk estimates and genetic counseling.
Accurate detection of targeted, clinically significant loci by oligonucleotide aCGH
For the targeted coverage of clinically relevant loci, an abnormality rate of 10.9% was observed (Table 1) , consistent with other clinical targeted array formats primarily based on BAC clones. 17, 18 The most frequent of these abnormalities were telomere imbalances, which accounted for ϳ42% of the targeted abnormalities and 4.7% of the total imbalances found in this study. This data provides additional support for the prediction that telomere imbalances are overrepresented compared with other genomic regions. 6, 9, 10 A recent study by our group examining the sizes and BPs of telomere imbalances showed that this overrepresentation is most likely due to random chromosome breakage and not to any specific molecular mechanism predisposing telomeres to more frequent breakage or rearrangements. 42 The coverage on the array at each telomere is equivalent to telomere FISH, but the added genome-wide resolution allows for simultaneous sizing of each imbalance in one assay, unlike telomere FISH studies or targeted arrays with limited telomeric coverage. It is important to note that the current genome-wide commercial arrays may not provide such equivalent coverage at all telomeres. An off-the-shelf commercial array, that is not specifically designed to cover clinically relevant regions, can miss telomere deletions or duplications that would have been detected by telomere FISH or targeted telomere coverage on custom designed arrays. 42 Thus, it is important to carefully examine the content of any array to be used for telomere analysis.
Imbalances in the common microdeletion/microduplication regions accounted for ϳ6.6% of abnormalities. In the majority of cases, the BPs and extent of deletion/duplication were consistent with the common BPs mediated by nonallelic homologous recombination due to flanking segmental duplications with very high sequence homology. 76 An interesting exception to this was a 45 kb intragenic deletion of the UBE3A gene in a patient clinically suspected to have AS. Previous methylation analysis and UBE3A sequencing studies were normal. Therefore, only targeted deletion analysis of this gene by oligonucleotide array provided a diagnosis. In this case, the deletion is smaller than an individual BAC clone and therefore below the level of resolution for most BAC arrays. Most current testing practices for AS do not include deletion analysis of UBE3A. Therefore, as demonstrated by this case, a category of patients with this syndrome is not being routinely tested for and gene deletion analysis should be added to diagnostic testing.
Two other microdeletion/duplication cases also exhibited atypical BPs. Case 3919 had a ϳ902 kb deletion involving the 22q11.2 deletion syndrome region which only included the most distal part of the typically deleted 3 Mb region. This region does not contain the smaller 1.5 Mb deleted region that has also been reported in individuals with 22q11.2 deletion syndrome. A recent article has reported a similar, but smaller, deletion in a female proband and her mother; the proband had obesity, hyperphasia and aggressive behavior and her mother had a major depressive disorder. 77 Our patient had a history of aortic aneurysm, a feature not reported in the other individuals with a similar, but smaller, deletion. Another atypical imbalance involved a 2.1 Mb duplication of 17p11.2, a region that causes Duplication 17p11.2 syndrome (Case 3745). The duplication in this patient is smaller than the common 3.7 Mb duplication, but includes the critical duplication region. Clinical findings associated with this syndrome include infantile hypotonia, failure to thrive, MR, autistic features, sleep apnea, and structural cardiovascular anomalies. 58 Our patient demonstrated several features noted in patients with the common deletion including developmental delay, failure to thrive, a structural cardiac anomaly, and severe speech delay. These three cases illustrate the clinical utility of high-density coverage within and surrounding targeted clinical regions on an array.
Increased yield of clinically significant imbalances provided by genome-wide coverage
In our series, the genome-wide backbone coverage identified an additional 10 cases (4.7%) of clinically significant abnormalities that would not be detected by current targeted array designs. The average size of the imbalances detected was ϳ3.7 Mb and contained an average of ϳ17 known genes (a range of 1-30) ( Table 2 ). Most of these imbalances would be detected by current 1 Mb BAC arrays, which have been used in a number of clinical laboratories (usually following a normal targeted BAC array result). For the smaller imbalances, however, only a single clone may be involved and the exact sizing of the imbalance would not be achieved. Therefore, it may be more efficient and cost-effective to have both targeted and genome-wide coverage in a single assay.
Five of the 10 cases had imbalances Ն4.5 Mb, which would ordinarily be considered within or at the threshold of Gbanded karyotype resolution. These included four deletions and one duplication. The clinical utility of accurately delineatTargeted plus whole genome oligonucleotide microarray ing the size of an imbalance and its gene content was immediately obvious in one case (Case 3882) in which one of the patient's clinical findings was spherocytosis. A de novo 14q23.1-q23.3 deletion of 6.8 Mb was identified by array analysis, which included the SPTB gene (spectrin beta chain, erythrocyte), mutations of which cause autosomal dominant Spherocytosis Type I. This case illustrates the power of genome-wide coverage in identifying deletions encompassing dominant Mendelian disease genes without the necessity to specifically "target" every dominant disease gene in the genome.
Three cases had somewhat smaller deletions, in the range of common microdeletion/duplication syndrome (between 1.5 and 3 Mb in size). The largest of these, a 2.7 Mb deletion of 2p (Case 2818), overlapped the deletions of two cases previously reported in the literature. 60 Because the phenotype of our patient was strikingly similar to that of the two published cases, the deletion was interpreted as pathogenic. The other two deletions in this size range also involved multiple genes: Case 4153 was a 1.7 Mb deletion of 9q that involved ϳ10 known genes and Case 4154 was a deletion of 2.2 Mb of 15q that involved ϳ6 known genes.
Only two cases identified by the genome-wide coverage were Ͻ1 Mb in size but considered to be clinically significant; a duplication of 16p13.3 (Case 3596) and a deletion of 16p11.2 (Case 3963). The duplication of 16p13.3 was ϳ700 kb in size and involved the A2BP1/FOX1 gene, which has previously been implicated in MR, autism, and seizures. 64, 65 Because this patient was adopted, only one biological parent was available for analysis and did not show the same duplication.
The deletion of 16p11.2 was only ϳ600 kb in size, but included approximately 24 genes and is the same deletion recently reported in two studies of individuals with autism 62, 63 and overlaps part of the deleted 16p11.2 region reported by Ballif et al. 61 Interestingly, this genomic region is flanked by segmental duplications with shared homology and this deletion seems to be a recurrent microdeletion associated with an increased risk for autism.
Identification and interpretation of CNVs and benign familial variants: a favorable cost-benefit ratio
Over the past several years, multiple studies have revealed that CNVs are very common in the human genome. [27] [28] [29] [30] [31] [32] [33] [34] Because of this normal variation, some authors have argued that genomewide aCGH analysis is premature in a clinical setting because of our current lack of knowledge regarding the clinical significance of CNVs and voiced a concern that the majority of patients will require parental follow-up. 43, 44 However, the initial lack of knowledge regarding CNVs is rapidly being filled because of international efforts to produce data on normal individuals and populations in public databases such as the Database of Genomic Variants 27 and DECIPHER (http://decipher.sanger.ac.uk/).
Although the high frequency of submicroscopic copy number variation in the human genome is a recent and surprising discovery, the presence of variation in the human karyotype at a microscopically visible level has been known for a long time. Although most of this variation involves highly repeated DNA sequences in the heterochromatic regions of the genome, there is an increasing awareness of microscopically visible variations in euchromatic regions. 78, 79 A small number of recurrent, or common, euchromatic variants have been reported, including those involving 8p23.1, 9p12, 9q12, 15q11.2, and 16p11.2. 78 There are also a growing number of private variants, involving single families, which have been reported in the Chromosome Anomaly Collection Database (http://www.ngrl.org.uk/Wessex/collection/index.htm). Most of these euchromatic variants have not been characterized in detail at a molecular level, but suggest that there are large genomic regions that are relative gene deserts and/or do not contain genes which are sensitive to single copy dosage changes.
Although our size threshold of 500 kb greatly reduced the detection of CNVs, we still identified a number of CNVs in our patient population (Table 3 ). These included 13 common, previously reported CNVs, for which we did not perform any parental follow-up studies. A significant percentage of these common CNVs are in the pericentromeric and subtelomeric regions, which are known to be enriched for segmental duplications and show high rates of copy number variation. In the remaining euchromatic portion of the genome, we observed seven other common CNVs. The highest number of common CNVs identified in a single patient was two, with a range of 0 -2 in our patient cohort.
To date, we have performed follow-up parental studies on 2.4% of our patients to assess the clinical significance. Our experience with this patient cohort supports Veltman and de Vries' 25, 26 viewpoint that parental follow-up of ϳ3% is worth the diagnostic benefit of identifying an additional 5% of causative abnormalities.
These common CNVs and euchromatic variants could be removed from diagnostic arrays to make clinical interpretation easier. However, some of these regions are quite large and by removing them, aberrations could be missed that involve these and surrounding regions. Furthermore, hemizygous deletions or duplications of these regions may be benign, but homozygous deletions or duplications may not be normal (e.g., homozygous deletions of the juvenile nephronophthisis [MIM 256100] involving the NPHP1 gene [MIM 607100] at 2q13). 80 aCGH as a molecular karyotype versus a Mendelian disease diagnostic chip
For the evaluation of a child with unexplained developmental delay/MR, with or without dysmorphic features or additional birth defects, the G-banded karyotype has been the primary diagnostic tool for over 30 years. For detection of deletions and duplications, aCGH clearly offers a more powerful and sensitive technology platform than G-banding. However, the ideal design of such arrays has not yet been determined. One trend, based on a targeted approach, has been to combine cytogenetic targets (telomeres, centromeres, microdeletion/duplication syndromes) with Mendelian disease gene targets. The latter are largely autosomal dominant diseases known to be due to haploinsufficiency (loss-of-function mutations), with a variable percentage of causative mutations resulting from deletions.
However, as discussed previously, such a targeted approach leaves many large chromosomal gaps and cannot be considered a molecular karyotype. To address this issue, we chose to design a genome-wide array that would increase the resolution of G-banding to the equivalent of a 6000 band karyotype. For targeted, clinically relevant regions, including telomeres, centromeres, common microdeletion/microduplication syndromes and selected Mendelian disorders, the coverage is even more dense allowing for imbalances of Ͻ50 kb to be detected. This combined approach leverages the advantages of both targeted and genome-wide arrays in a single assay or diagnostic test.
The development of a custom array ensures that all clinically relevant genomic regions have adequate coverage for diagnostic testing. Many of the currently available commercial arrays have avoided the complex genomic regions near centromeres and telomeres that are clearly important for clinical diagnostics. Furthermore, coverage of the PAR1 and PAR2, which are important in identifying imbalances of the sex chromosomes, are not included on most commercial arrays.
With the rapidly progressing technology of oligonucleotide array printing, the potential exists to increase the number of probes to millions in the next several years. Ongoing discussions will need to evaluate whether the evolving strategy should be to continue to add targeted coverage for every known autosomal dominant loss of function gene or to use a genome-wide high-resolution cytogenetic approach. Gene specific coverage will need to be carefully assessed because high density coverage for each gene is needed to accurately test for intragenic deletions or duplications; this level of detail may be better covered in gene specific applications rather than genomewide analyses.
Can aCGH replace the G-banded karyotype as a primary diagnostic tool?
To date, aCGH has been recommended as an adjunctive test to the G-banded karyotype until sufficient data are obtained to evaluate its potential as a primary test for children with unexplained MR/developmental delay. Significant data are accumulating that targeted arrays have an abnormal yield of 5-10% after a normal G-banded karyotype. Genome-wide arrays identify an additional ϳ5% abnormalities not detected by targeted arrays or G-banding. If genome-wide arrays are performed before G-banding, they would detect all imbalances detected by G-banding plus an additional 10 -15% not currently detected. Furthermore, a recent study demonstrated that the use of aCGH actually costs less per diagnosis than karyotype analysis because earlier diagnoses save the costs of additional diagnostic tests. 81 The benefit of using genome-wide aCGH as a primary diagnostic tool versus the concern over the detection of CNVs is also becoming clear. Data on CNVs in normal populations is rapidly accumulating, mainly from research studies, and is being deposited in an international database. 27 It would be similarly valuable to collect clinical aCGH data in a shared database to continue to increase our understanding of the regions of the genome that cause significant developmental effects when copy number changes are present. The use of a common array format by a consortium of laboratories would improve this data collection, because as previously pointed out, the use of data from a variety of methodologies and arrays to populate CNV databases makes it difficult to accurately interpret results and apply in a clinical setting. 72 This effort would allow the development of a Human Gene Dosage Map for constitutional copy number changes which would not only aid in diagnostic testing, but would also enhance our understanding of the functional significance of genes and other sequences in the human genome.
